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Abstract
Although the current process limitations for laser beam welding of thick aluminum plates (>10mm) have been overcome by 
high brilliant multi-kilowatt laser, there are still difficulties resulting from the material physical properties, e.g. the high heat 
conductivity, the large heat capacity and the high thermal expansion coefficient of aluminum. Especially for very deep weld 
seams, insufficient dilution of filler wire material in the root of the weld seam and the danger of hot cracks increases. With a 
new welding technology, the Laser-Multi-Pass-Narrow-Gap-Welding, a innovative approach has been developed to weld 
thick aluminum plates with highest beam quality lasers and remarkably reduced laser power.
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1. Objectives and State of the Art
Aluminum, as the economically most important light weight material, well known to be good suitable for 
forging, extrusion and rolling, offers a wide range of application fields of high loaded light weight 
constructions [1]. Limitations for laser beam welding of thick aluminum sheets (>10mm) have been reduced by
the availability of multi-kilowatt lasers but they could not fully be eliminated. Physical reasons for that are the
high heat conductivity, the large heat capacity and the high thermal expansion coefficient. Especially for very
deep weld seams the insufficient dilution of filler wire material into the root of the weld seam is the main
problem and hence the danger of hot cracks in the weld seam rises (see [2],[3],[4],[5]). With a new welding 
technology, the narrow-gap-multi-pass-welding, a new approach is introduced to weld thick aluminum plates
with laser sources of highest beam quality but remarkably reduced laser power. The aim of this paper is to
report the process and technology requirements to obtain high quality weld seams of hot crack sensitive
aluminum alloys with thicknesses more than 10 mm and up to about 50 mm.
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2. Technological approach for Laser-Multi-Pass-Narrow-Gap-Welding
Since multi kilowatt lasers with excellent beam quality were available, weld seam depth can be easily
increased for standard applications. However, aluminum and its alloys tend to high angular contraction and
lack of fusion due to oxide layers at the surface while welding. Laser beam welding (LBW) of hot crack 
sensitive Al-alloys for thick plates (>10 mm) is limited by insufficient dilution of the element Si into the weld
seam root [6,7]. Furthermore, the burn-out of alloy materials by using high power lasers as well as for electron 
beam sources restricts the technical use of beam welding technologies of thick plates [8]. With the new narrow-
gap-multi-pass-welding technology the named restrictions shall be overcome.
The new approach is feasible by the use of laser sources with extreme high beam quality (beam parameter
product BPP: 0.4 mm*mrad). The excellent beam propagation allows the laser beam to enter a narrow gap
without interaction or reflection with the accompanying material. The depth limitation into the narrow gap is 
not set any more by the laser beam geometry such as in the recent past with Nd:YAG-lasers. Gaps with a
groove angle of much less than 5° are acceptable with the available beam quality. Restrictions are set by the
filler wire diameter that has to be fed into the gap to fill up the groove. The laser beam has to be scanned lateral
to fuse the filling wire due to the small sized focal spot. Depending on the feeding wire speed, a defined 
amount of filler metal will be deposited in to the gap. The oscillating laser beam ensures side wall fusion with a
moderate deep welding effect. However, the necessary process steps are root welding, followed by multi pass
welding until the groove is closed, see Fig. 1. In contrast to high power laser applications with unstable melt
pool formation, the size of the melt pool by multi-pass welding is limited. Consequently a lower defect rate in
the weld seam will be expected. 
For the process, the applied laser power can be lower than 5kW, what allows especially small and midsize
companies to use their standard laser sources, typically used in the industrial field. Therefore the required 
investment in laser power would be moderate compared to necessary multi-kilowatt lasers in the range of 20
kW. 
Fig. 1. Main process steps for the Laser-MPNG-Welding
3. Laser sources and experimental set up
Two laser sources were tested, a 4 kW multi-mode and a 5 kW single-mode fiber laser. Both laser provide 
excellent focusability, due to brilliant beam quality with less than 2.2 mm mrad and 0.4 mm mrad respectively,
see Figure 2. In the industrial field those lasers can be used for multiple purposes, such as standard cutting of 
thick plate, high speed cutting (thin sheets) as well as for laser macro welding purposes. The variety of laser 
sources that had to be in stock for the addressed application field could be reduced by this laser development. 
With the proposed multi-layer welding technology, the already existing application field can be easily 
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expanded. A smooth industrial introduction of a successful technology development can be expected.
4 kW multi-mode fiber laser 5 kW single mode fiber laser
- Top-Hat
- SPP: 2,2 mm mrad
- 50 μm Faser
- fkoll.= 120 , fFocus= 500
- Fokus eg. 220 μm
- 50mm defoc. 1,77mm
- Gaussian Mode
- SPP: 0,4 mm mrad
- 30 μm Faser
- Fkoll.= 200 , fFocus= 500
- Fokus eg. 90 μm
50 mm defoc. 0,92 mm
(a) (b)
Fig. 2. (a,b) Optical parameter of the used laser sources with brilliant beam quality
For both laser sources the same experimental set up was used, as can be seen in figure 3 (a). The laser fiber 
end was connected to the collimation introducing the laser beam into a 2D-Scanner. The laser beam was 
modulated lateral to the feeding direction with frequencies between 50 and about 1000 Hertz. In the focal point 
where the laser beam interacts with the aluminum alloy, the filler wire was introduced by a standard feeding 
unit, as can be seen in figure 3 (b). To ensure symmetric fusion of the accompanying material it was necessary 
to adapt to the scanner unit an accurate optical positioning system. Furthermore, a high speed camera system 
was also installed to observe the welding process inside the groove.
(a) (b)
Fig. 3. (a) Experimental set up of the welding head, (b) general principle of the process
4. Welding Results and Discussion
4.1. Process development influence of welding parameters
The following development steps have been accomplished within the scope of this project:
comparison between building up welding and welding inside a groove
definition of criteria to avoid lack of fusion and to obtain a stable welding process
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transfer of welding parameters to thick plates of more than 15 mm thickness.
For the narrow gap welding technology it was important to consider that the typical process parameters from 
keyhole welding to obtain deep weld seams are not applicable. For multi-pass-welding it is necessary to deposit 
material and to prevent process pores from the weld seam. Two sheet variations for previous welding trials 
were used: one with and one without a machined groove, see figure 4 (a, b). These pre-trials were performed to
evaluate the differences in the interaction between the surface and the liquid material regarding:
surface tension,
shielding gas distribution on the surface turbulences,
temperature field and heat conduction 
scanning parameters.
(a) (b) (c) 
Fig. 4.Sample variations for pre-trial parameter tests
Within the first trials it was observed at an early stage, that especially the amount of process pores could be
determined by the building-up by welding. The transfer to samples with a machined groove (2x3 mm), refer to
figure 2 (b), allows the determination of the weld formation more clearly. The interaction of the process with
the groove provides specific information of melt pool formation, see figure 4 (c). The test was performed with a 
4 kW multi-mode fiber laser. It became evident, that the scanning frequency changes dramatically the
formation of the melt pool surface. The laser power was set to approximately 2.5 kW, the wire feeding speed 
and the welding speed had a ratio of 1:1. The fusion to the side faces and the effect of scanning parameters
(amplitude, frequency) to the weld seam formation can be seen in figure 5.
20 Hz 200 Hz 400 Hz 700 Hz
Fig. 5. Influence of frequency to the solidification appearance of a one pass welding test (groove 2x3mm) observed in cross sections
The introduced feeding wire was AlSi12 with 1.6 mm diameter. To melt the wire and the fusion face in a
simultaneous single continuous process, a spot size of approximately 200μm was used. The laser beam was 
scanned lateral in the shape of a line with respect to the groove width of approximately 2 mm. This modulation 
of the laser beam leads to an enhanced power density at the sides where it is eminent to melt up the material to
avoid lack of fusion. With every run of the laser beam between the edges it ensures, that a continuous amount 
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of molten material flows into the main melt pool. As already mentioned, typical melt pool movement from 
keyhole process was not aimed. With increasing frequency the melt pool surface changes from a concave to a 
wave shape. Enabled by the information of the solidification it was possible to define geometrically criteria of 
an optimal weld pass, see figure 6. A concave shape helps to avoid lack of fusion if the next weld pass is
placed. The radius of that concave shape should be large enough to provide sufficient fusion at the edges, but 
flat enough to ensure continuous connection with the next weld pass. For the pore formation it seems that a low 
scan frequency leads to larger pores while a higher oscillation rate reduces the pore diameters with a higher 
number of pores. 
Fig. 6. Influence of failure modes to deep groove geometries
Taking the geometric requirements into account the following parameters for the process can be defined as
important: gap geometry, speed ratio between welding / wire speed velocity, beam quality, scan frequency and
the wire position, see figure 7 (a). To obtain a process stable parameter set for the MPNG-welding for 
Aluminum these parameters were followed up closely. The laser power and the set up for the optical
components were mainly held constant. 
(a) (b)
Fig. 7. Overview of the obtained relevant process parameters (a); Gap size for a wire diameter of 1,6 mm to obtain sufficient height of one
welding pass (b)
Important for the effectiveness of the narrow-gap-multi-pass welding technology is the height of each
welding pass. Consequently, it is essential to adapt the groove width and the wire diameter to reduce the
volume that has to be filled up. In order to do this, it is important to minimize the groove tolerances in which
the wire can move, see figure 7 (b). Therefore angular contraction during welding and sufficient space of the
wire into the groove has to be considered. The wire should also be guided by the groove to reduce lateral 
movement. Those requirements led to a necessary groove width size of approximately 1,9 to 2,4 mm for a wire 
diameter of 1,6 mm. 
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Within the following welding trials, parameters for the 5 kW single mode fiber laser were tested on samples 
with 2 x 3 mm groove size. With respect to future applications of the MPNG-laser welding technology in gas
vessels and chemical plants it is important to minimize the appearance of process pores. For that, a screening of 
a wide range of frequencies with respect to the focal position were tested, see figure 8. Taking the geometric
requirements of the weld seam into account (figure 7), a frequency of 200 Hz for a focal range of -10 mm to 
+10 mm can be defined as parameters with the lowest amount of pores. The shape of the solidified formation 
defines the presence of imperfections in the next welding pass. Considering this fact and the information of the
appraisal of the welding process, the parameter configuration of 200 Hz and a focal position of -10 mm offer 
the best compromise for the single mode fiber laser welding trials.
Fig. 8. Scan frequency in subject to focal position and its influence to the cross section of a one pass welding trial
4.2. Process transfer to thick plates
The aim of this research project was to develop the MPNG-laser welding process for hot crack sensitive
aluminum alloys, such as 6060 and 6082, on thick plates up to 50 mm. The successes of the transfer from the
discussed welding trials at a 2 x 3 mm² groove to a 2 mm small and 25 mm deep narrow gap depends on the 
reproducibility of the process. Furthermore, it is important to clamp the samples strongly to minimize the
angular contraction. Welding trials were performed at 25 mm thick plates. The multi-pass welding was
performed with a fixed parameter set. According to figure 1 the butt joint root welding was performed first at a
material thickness of 3 mm, followed by approximately 22 weld seam passes. The narrow-gap was filled up
continuously with AlSi12 filler wire material. For each welding pass the groove width at the surface was
measured to observe the angular contraction, see figure 9. Outgoing from a V-gap of 3.8 mm width that was
machined it could be observed, that with every welding pass the gap was closing somewhat. That effect was
stronger at the beginning, approximately for the first 12 passes and after that the effect decreases. That means 
after 10 to 12 mm weld seam height, the gap width was supported by the previous solidified passes, see figure
9. The diagram is relevant for the tested aluminum alloy (6xxx), the sample size of the welded part and the used 
clamping unit.
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Fig. 9. Groove width measured at the surface depending from the amount of weld pass numbers
The first welding results that have been obtained are presented in figure 10. The comparison shows the cross
section of the weld seam with respect to the scan frequency and velocity of the oscillating laser beam. It can be
seen that a crack free multi-pass-weld-seam without lack of fusion can be obtained up to 30 mm depth. It can 
also be observed, that for the multi-mode fiber laser an increase of the scan frequency approaches a higher 
seam quality. 
22 mm thick plate
4kW multi-mode fiber-laser
22 mm thick plate
5kW single-mode fiber-laser
30 mm thick plate
5kW single-mode fiber-laser
(a) (b) (c)
Fig. 10. Comparison between multi-mode fiber laser (a) and single-mode fiber laser (b) with respect to the scan frequency to the seam
quality of the cross section; transfer of 5kW single-mode fiber laser results to 30 mm thick plates (c)
However, for the single mode fiber laser the increase of scan frequency does not affect the seam quality in 
the same manner. The different behavior can be explained by a result from the different focal spot sizes, the
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beam intensity and the top-hat beam characteristic of the multi-mode and the Gaussian spot profile of the single
mode laser. In figure 10 (c), a 30 mm aluminum plate is shown as an intermediate step for welding trials to
reach 50 mm plate thickness.
The potential of the MPNG-laser welding is evident in the comparison with conventional metal inert gas
welded sample, see figure 11. The new technology enables the design engineer to increase the geometrical
degree of freedom for constructions due to the extreme small weld seam. The damage of the base material is
reduced to a minimum size, the heat affected zone is dramatically reduced and distortion can be controlled with 
more confidence.
Fig. 11. Comparison between a conventional (top) and a narrow-gap-multi-pass welded 30 mm thick aluminum plate
A further challenge of the investigation was to introduce a sufficient amount silicon into the depth of the
weld seam to avoid hot cracks. In Figure 12 (a), a comparison between a conventional and a multi-pass-
welding process is presented. It can be seen that a very high silicon content, from 7,9 % up to 8.5 % in the
multi-pass-weld seam can be obtained, even nearly the root of the weld seam. For the first time, hot cracks can 
be certainly avoided at weld seams with such a small width to depth ratios.
(a) (b)
Fig. 12. Silicon distribution across the weld seam for a conventional (a) and a multi-pass laser welded joint (b)
Additional challenge in laser beam welding of aluminum alloys generally is to avoid process and hydrogen
pores. In the case of multi-pass-narrow-gap welding, it seems to be that the size, distribution and number of 
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process pores distinctly depends on the melt pool turbulence. The turbulence is influenced by a lot of 
parameters such as power density within the laser beam, scanning frequency, tracking velocity of the specimen, 
wire feeding velocity among others. Therefore, the second step of the investigations will be focused on a 
deeper understanding of the pore formation and its avoidance.  
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